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I.  THF  CRYSTAL  STRUCTURE  ISOCYANIC  ACID 
Werner  C,  von  Dohlen  and  Gene  B»  Carpenter 

ABSTRACT 


o 


Tsocyanlc  acid  Is  orthorhorTblc^ 
Unit  cell  dlriensiors  are  a = 10,82. 


l^^^nd  the  coll  contains  4 molecules, 
|—^«either  very  weak  or  absent, 

GO 


space  group  Fnir.a, 
b = 5,23.  c = 3,57  A. 
Hvdrocren  bonds  are 

t/  < ' 


1.  INTRODUCTION 


The  structure  of  the  KNCO  molecule  in  the  vapor  is  well 
known.  Our  chief  interest  lay  in  finding  the  pattern  of 
hydrogen  bonds  expected  in  this  relatively  simple  situation. 
Furthermore  it  was  remotely  possible  that  the  solid  might 
be  composed  of  cyanic  acid  molecules,  HOCN,  rather  than 
Isoc^yanlc  acid  molecules,  HCNO, 

References  to  earlier  work  on  the  vapor  and  a description 
of  our  prellmirarv  experiments  and  results  are  contained  in 
Annual  Report  No.  1.  These  results  included  the  two  possi- 
bilities for  the  space  group,  the  approximate  unit  cell 
dimensions,  and  the  number  of  molecules  per  unit  cell, 

2z  EXPERIf  ENTS 

The  density  of  solid  isocyanic  acid  was  measured  at 
about  -195°C,  A liquid  sempie  was  frozen  slowly  up  to  a mark 
in  a pycnometer,  the  excess  liquid  was  puniped  off,  and  the  * 
pycnometer  was  sealed  and  weighed  at  room  temperature. 
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(The  sample  of  course  polymerized  inside.)  The  resulting 
value  was  lc.41  g«/cc«  Tills  verifies  that  the  number  of 
molecules  per  uhlt  cell  is  4, 

When  a crystnl  of  Isocyanlc  acid  is  pirewn  in  a capillary, 
it  is  nlw^ys  oriented  elth  the  £ axis  nearly  par'^llel  to 
the  axis  of  the  capillary.  In  order  to  obta'^r  x-rav  difar 
fract’an  photoeranhs  w*  th  a different  orientation,  a crystal 
was  nrown  slowly  around  n bend  ir  a bent  capillary.  In 
this  way  the  fl02(  direction  was  brought  parallel  to  the 
axis  of  rotation.  A series  of  photographs  was  then  pre- 
pared; the  crystal,  however,  broke  up  gradually  into  sever- 
al smaller,  alm.ost  parallel  crystals  during  the  course  of 
the  experiment,  so  that  the  quality  of  the  photographs  was 
not  as  hip-h  as  that  of  earlier  sets.  It  was  still  possible 
to  extract  valuable  information  from  them. 

On  several,  occasi'^ns  powder  patterns  with  fibcr-llke 
part'' al  or'' enta t'’’ on  were  obtained.  These  appeared  to  be 
of  two  dir-forert  kinds, 

3.  DETFPHTrATT''P  0"^  O'^-pTICThPE 
^’ore  detailed  and  exhausitlve  measurements  on  the 
x-ray  records  yielded  the  following  more  accurate  values  of 


the  unit  cell  dimensions; 


5. 

a = 10. 8?.  b = 5. S3.  c ^ 3.37A  all  + O.OsL 
The  density  calculated  fror  these  direnslons  vvjth  the 
assiomption  of  /'our  molecules  per  unit  cell  is  1.414  r./cc., 
in  agreement  with  the  meas\ired  value  1.41  g,/cc» 

The  oscillat'ion  photof^rarhs  were  iT'df  Xcd  by  graphical 
methods.  Intensities  wore  tiicn  estirated  by  the  multiple- 
film  technique.  Our  neasurements  indicated  th'^t  the  film 
factor  — the  ratio  of  the  intcBsity  on  one  fi'lrr  to  the 
intensity  on  the  film  behind  it  --  had  the  value  4.4  for 
Kodak  ’'■o  ” Screen  f’lm  and  CuK  radiat-5or  at  nomrl  incidenceo 
Those  irtrrsitics  \vei*e  reduced  to  structure  fa '’tor  values 
by  tl\e  usual  methods.  Values  have  been  measured  for  153 
of  the  255  structure  factors  accessible  with  CuK  radiation; 
a further  72  were  too  w-eak  to  observe  on  the  nhntoc?ra^,h s , 
and  30  could  not  be  examined  in  these  experiments. 

The  first  step  i,r'  dote  imi ' n:' r a t’=e  at' ric  aiu'anmomcnt 
wr  s the  calculation  of  the  P'^ttersor  projection  P(uv). 

^'his  vector  man  revealed  a fii  mil  coecentration  of  peaks 
•■']on<T  the  I ■’res  v = 0 and  v = ^,  and  no  appreciable  peaks 
between,  'i’hi  s ■’ndicates  th'it  ali  '’toms  I'ic  in  ecuidistant 
par''liel  I'^vers  separ'‘ted  by  ^rb.  at  least  to  a mood  approxi- 
mat-’on.  This  pattern  results  auto'^-ati c ai  Iv  fro^^  the  ] ossible 
space  group  Pn.ma  but  could  occur  only  as  a somewiiat  sur- 


4. 


prising  coincidence  if  the  other  possible  space  group, 

Pn2^a,  were  correct, 

A relativelv  sensitive,  althouo-h  o)ily  qualitative, 
test  of  the  deviat-’on  of  the  irolocules  fror  these  planes 
was  carried  out  as  follov/s.  If  the  r^olocTilcs  lie  in  these 
parallel  planes,  then  (as  it  works  out)  the  structure 
factors  for  fixed  indices  h and  Z should  be  the  sane  for 
all  even  values  of  the  index  k (except  for  the  normal 
decline  with  increasing  scattering  -^ngle)  nn:?  separately 
the  same  for  all  odd  values  of  k»  The  structure  factor 
values  were  arranged  to  enable  this  prediction  to  bo 
tested,  'i.nd  it  was  qualitatively  verified.  Thus  it  is 
concluded  that  the  molec^iles  c*^n  deviate  only  sliahtly.  if 
at  all.  from  the  ’-irror  pl'^nes. 

The  space  greup  Pnma  then  rcqxn’rcs  til'll  the  y-'coor- 
dinate  of  all  "toms  ho  either  l/4  or  ,/4  (in  fractions  of 
the  b cell  edge),  and  packing  considerat:^ ors  require  that 
all  utOiTs  in  one  molecule  have  the  same  y-coord i nate . The 
choice  between  these  values  amounts  rcroly  to  the  choice 
of  origin  of  the  unit  ccll^  so  that  all  y-coordinates  wore 
chosen  tc  be  -4-.  Six  additional  coordinates  are  then  needed 
to  define  the  positions  of  the  three  atoms  (other  than  hydro- 


cen)  ir  one  molecule;  the  posit 5ons  of  the  other  molecules 
are  then  determined  by  symmetry. 

The  next  step  'vas  to  attempt  to  choose  the  'U-.rcc  x- 
coordlnates  so  as  to  crlve  ■’ntera^omlc  vectors  satisfying 
the  ^attersor  ’^ro.lectlon  P(uv),  '^he  f'l'^st  choice  was  then 
ref'^ned  by  the  usual  T^ourler  method,  in.  the  ocy  plane,  , The 
electron  density  projection  ^-»(xy)  showed  three  atoms  clearly, 
and  also  two  smaller  peaks  which  were  believed  to  be 
spurious.  However  the  maanitudos  of  the  structure  factors 
Fhko  calculated  for  this  structure  were  in  only  fa^r  agree- 
ment with  the  measured  magnitudes;  thic  usual  discrepancy 
factor  was  about  35‘-^.  Consequently  it  had  to  bo  concluded 
that  this  structure  was  erroneous, 

A second  tri"^l  structure  v'as  quickl7/’  fo’Uid  which 
anpeared  to  be  in  '"O  ■' i^htly  better  amreement  with  the 
Patterson  nro.icction.  The  Fourier  refinement  procedure  was 
followed  oo-oi’j-,  ond  t'  is  time  the  discrepancy  factor  reduced 
smoothly  to  a reasonable  value. 

The-  next  step  was  the  construction  of  a second  Patter- 
son projc^lon,  P(uw),  Comparison  v^lth  P(uv)  showed  that 
the  x-coordina tes  previously  found  had  to  be  changed  to 
•5--X  in  each  case;  this  amounts  only  to  Ciianglng  the  origin 
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/ 


from  one  symmetry  element  to  ‘mother  and  represents  only 
making  a choice  botv/cen  two  ‘ilternati ves  that  could  have 
been  deduced  from.  P(uv). 

The  approximate  structure  is  then  defined  by  the 


parameters  in  Table 
Coordinate 

I. 

Table  I 

Atom 

. N . 

C 

0 

i 

X 

1 

p .064 

0.169 

0.269 

y 

3.250 

0.260 

0,250 

z 

0.118 

0.216 

0,328 

In  order  to  test  the  general  correctness  of  this 
structure,  the  complete  set  of  structure  f‘'ctors  was  cal- 
culated for  comparison  with  the  observed  values.  The 
nimierical  part  of  tlm.se  calculations  v/as  kindly  performed  for 
us  by  the  Office  of  Statistical  Services  of  the  Massachusetts 
Institute  of  T^echnology,  The  agreement  w-^s  qualitatively 
verv  pood.  In  order  to  ■^•'■ke  a ouant^  ta tl  ve  aomparlsoxi,  it 
was  necesR^mv  to  dot^r^^nc  the  best  scale-  factor  for  the 
observed  mae-n‘>tudcs  (si'ncf  only  relative  values  were  measured) 
and  the  best  temperature  factor  for  the  calculated  n'^gnitudes. 
The  slightly  elliptical  shape  of  the  atoms  in  the  Fo\irler 
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projections  indicated  that  an  anisotropic  temperature 
factor  was  reouired,  which  'nvolvcs  3 adjustable  parameters. 
T’hcse  3 parameters  and  the-  scale  factor  were  determined 
si’”ul taneously  bv  a least-squares  treatrent  of  observed 
ap'i  c'']culated  (hkO)  and  (hO>t.)  structure  factor  r'^pnitudes, 
Tht  introduction  of  these  paranet.  rs  thf  n yielded  a dis- 
crepancy factor  of  17.1^  for  the  complete  set  of  structure 
factors,  omitting  those  whiah  v;erc  not  observed.  This 
value  is  sufficiently  good  to  insure  the  general  correctness 
of  the  structure.  It  will  be  necessary  in  the  future  v/ork 
to  make  only  small  adjustments  in  the  atom.ic  positions  to 
arrive  at  th(.  structure  in  best  ar-reement  with  the  total 
data. 

4.  DFSCPT^TTOu  0 ’ T‘F  S'l'PiTCTT'RE 
'^he  annroximntr  structure  d<  t(  rr ■’‘no as  de  scribed  pre- 
sents thf  foliowirc  picture.  The  HNCO  molecules  are 
arranged  n Tf'nite  zig-zao:  chains  running  through  the 
crystal  parallel  to  a.  These  chains  l'’’c  in  the  mirror 
planes  of  Pnma  perpendicular  to  b.  The  chains  tnen  pack 
together  side  by  side  to  form  plane,  sheets  in  these  mirror 
planes.  These  sheets  finally  stack  together  to  form  the 
complete  crystal;  the  orientation  of  the  molecules  along 
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a alternates  in  adjacent  sheets. 

Important  dist'inccs  and  angles  are: 


K - C = 1.19  A 
C - 0 = 1.15 

. . 0 = 3.20 


C - IT...0 
F.  ..0  - C 


159“ 

164“ 


The  intramolecular  distances  are  si’~ilar  to  those  found 
^n  the  -isolated  molecule  (in  the  vapor).  The  surprising 

O 

feature  is  the  Iona  (3,21  A)  hydroren  bond  and  the  -awkward 
anrle  (159°)  th"t  it  rr'^kes  with  the  axis  of  the  molecule. 

Both  f''atur<^o  indicate  that  it  is  r^uch  v^'c'^kor  t'''an  was 
expected,  and  may  not  even  justifiably  be  called  .a  hydrogen 
bond  at  all.  If,  on  the  other  hard,  the  molecule  v.-erc  in 
the  cyanic  acid  form  HOCN  the  angle  (164°)  is  even  more 
awkward. 

The  hydrosen  atom  itself  has  ^ot  yet  Iccn  located  in 
anv  Fourier  rrojee. tion;  it  mav  be  disccrnablc  in  a section 
of  3 dimensional  Fourier  syntheses. 

The  only  suggest-!  on  th^t  car  now  be  offered  for  the 
absence  of  strono  hvdrogcn  bond  runs  r-s  follows.  Strong 
hydrogen  bonds  must  certainly  be  formed  if  one  infinite 
chain  of  isocyanic  acid  molecules  is  formed.  Then  when  these 


chains  p'-'ck  together,  the  van  dor  Waals  attractions  between 
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ad.locert  choins  produce  n suTflcUnt  distortion  of  the 
oh?,  "n  to  wenken  p^roritTy  the  hvdrofrcn  bond,  A drewlnr-'  of 
the.  structure  with  v?n  der  V^nnls  r'^dH  for  tbc  aterrs  m?kes 
this  npioar  plausible. 

A irore  extensive  dlscussloii  of  the  structure  will  not 
be  justified  ui:tjl  the  refinement  is  completed. 

Evidence  for  the  existence  of  another  solid  modification 
is  accumulating,  but  nothing  is  kno\  n of  its  structure. 
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THE  STRTICTURF  OF  CVA’^^OCtEN  C^LOPIDF 

Robert  B,  IIe:lr»rt  and  Oene  B.  Carpenter 

. ABSTRACT 


Cyanogen  chloride  Is  orthorhombic, 


space  group  probably 


^ Unit  cell  dlmc-nslons  arc  a = 5,68,  b = 


c = 5,74  A and  the  coll  contains  2 molecules 


3,97,  and 
In  the  tentative 


structure,  the  molecules  are  parallel  to  _c;  then  the  molecules 
must  be  pressed  closer  together  along  _c  than  v/ould  be 
expected  from  van  der  Vhals  cortpcts, 

1.  ir'T'RODUCTION 

Cvanogen  chloride.  CICN.  seems  an  attractive  material 
to  study  bv  the  same  low  te»*'pe nature  techniques  developed 
for  Isocynnic  acid,  Althc-ugh  ther-e  can  be  no  hydrogen- 
bonding,  there  is  reason  to  expect  that  exceptionally  strong 
forces  act  between  the  Cl  atom  of  one  molecule  and  the  K 


atom  of  another;  such  an  attraction  is  1i'  some  v/ays  analogous 

to  a hydi-ogen  bond.  Evidence  for  this  comes  from  studios  of 

(-[  ^ 

cyanosen  iodide ; Townes  and  Dailey found,  from  nuclear 


(1)  C,H,  Tov/nes  and  P.P,  Dailey,  J,  Chem.  Phys.  ^ 
35  (1952) 


quadrupole  couplinr  studies  that  the  bond  character  differs 
in  the  solid  from  that  I’n  the  vapor;  Kctelar.r  and  Zwartsen- 
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(2) 

herg  found,  froir  a crystal  structure  deter’^lna t5 on,  that 

(2)  J.A.^o  Ketelanr  and  J.V,  Zwnrtscnher;?  Rec.  Trav, 
ChliTi,  448  (1939) 

the  I of  one  molecule  lies  very  near  the  of  another  mole- 
cule, ’"'aror  than  would  be  expected  for  a ron^al  van  der 
V/aals  contact.  But  the  I***N  distance  in  ICN  cannot  be 
measured  very  aacurately  because  the  I atom  dominates  the 
observtd  x-rav  diffraction.  Thus  CICN,  with  its  smaller 
haloper  atom.,  furnishes  a aood  test  and  extension  of  these  ’ 
ideas « 

2.  EXPERr’T^i-'T-S 

Pi  30  ml,  sarnie  of  cyanocen  chloride-  was  purified  by 

-"-The  material  was  piven  to  us  b''  Pr,  D^J,  Berets  of  the 
American  Cyfnimid  Co’^pnny, 

distillation  over  zir^c  pov/der,  apitation  v/ith  zinc  oxide, 
and  a final  distillation  throuph  a drying  tower  containing 
phosphorous  pentoxide.  This  process  was  di.  signed  to  rem.ovc 
Clg,  HGl,  HCN,  and  H^O,  which  v/erc  believed  to  be  the  most 
likely  impurities. 

Small  portions  were  distilled  into  capillaries,  which 


wore  then  scaled  off  with  the  body  of  the  capillar7/  immersed 
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in  liquid  nitropcn.  The  capillaries  were  les'’  than  0,05  err, 
in  int(:rn''l  dian-ctcr. 

Such  a ClCF-fillcd  capillary  was  fastened  to  the  gonio- 
meter he'^d  of  a Unlcnm  rotation-oscillation  x-ray  c''r'cra.  The 
sample  was  then  frozen  bv  a Jet  of  cold  nitrogen  as  vnas 
described  in  Annual  Report  ' No,  1',.  Py  freezinn-  the  sample 
slowlVj  nnd  by  running  thro\)f?h  cycles  of  •oartlal  melting 
and  refrcczinfi,  the  samrle  could  bo  converted  'nto  what 
''oncared  to  be  a slncle  crystal  in  some  region  of  the 
cnr!ill''ry, 

A series  of  x-ray  photorrarhs  v/as  then  prer?i*cd  at 
-30°C,  with  the  well-crystai  lized  portlor  of  the.  sample 
rotating  or  osclllatli'g  ir:  the  x-rav  beam.  An  irproved 
film  holder  held  the  fili.i  in  place  around  the  crystal. 

The  crystals  usually  prow  with  the  s"jne  crystal  direction, 
named  £,  parallel  to  the  axis  of  thf  capillary.  Rotation 
and  oscillatlor  photorraphs  were  obtained  from  two  crystals. 

'''■he  donsit''’  of  solid  CIC^'  v/as  measured  by  a pycnomctric 
reth'^d;  the  v.-iuc  is  1,55  p,/cc,  at  about  -30°C, 

3.  RF  STILTS 

Although  both  crystals  cave  rotation  photographs  like 
that  from  a perfectly-oriented  single  cr;'’’stal,  analysis  of 
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the  oscillation  photop:raohs  showed  that,  In  both  eases,  the 
’*crYstnl”  was  in  fact  comprised  of  several  srallcr  crystals, 
each  with  Its  £ axis  parallel  to  the  axis  of  rotation,  but 
with  ■'’^arioTJs  orientations  of  the  a and  b axes.  Thus  when  the 
^jC-=  0 reciprocal  lattice  net  was  constructed,  it  turned  out 
that  at  le'^st  three  r^ain  arids  were  necessarv  to  index  .all 
the  reflections.  ConsldcraVile  information  was,  however, 
obtained  from  these  photographs. 

The  ClGiN  crystal  is  ortho rbo^ic  v/1  th  ^ = 5.68,  b = 3.97^ 

O 

and  £ - 5.74  A,  The  unit  cell  volume  and  the  measured 
density  correspond  to  2 CICN  molecules  per  unit  cell.  The 
systematic  absences  indicated  the  probable  space  groups  to 
be  Pmmn  »^nd  Pm2^n. 

Intensities  were  measured  visually  by  the  mul tiple-f iln 
technique.  In  order  to  reduce  absorption  complications, 
each  (hk<’)  intensity  value  was  the  sum  of  the  intensities 
measured  for  each  observed  member  of  the  form  (_hk  Cj  for 
all  these  crystal  frag’^ents.  Gtructurc  factor  uTjfrnitudos 
were  computed  from  the  Intensities  '^s  usual, 

A Patterson  projection  P(uv)  was  then  constructed.  It 
exhibited  perfectly  round  peaks  only,  in  a centered  array. 

This  indicates  that  the  m.olecxxles  arc  perpendicular  to  the 
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plane  of  this  pro.icction,  l«e«,  parallel  to  c.  This  In 

turn  indicates  that  the  proper  space  proup  Is  Pminn  since 

this  rrant^ca''cnt  arises  '^uto'^atl ca ilv  that  space  rroup 

but  could  arise  only  by  accident  in  t>rn2^n, 

Mo'.v  the  expected  length  of  the  CICN  riolecule  corputed 

( 3) 

from.  Pauling’s  bond  lengths  and  van  dcr  v,'aals  radii.  Is 

(3)  L,  Pauling,  •'The  Nature  of  the  Chcrrlcal  Rond", 
Cornell,  1945o 

— “ — — — — — — — — — « “ “ — “ - — “ — — — — — 

Q 

6.21  A.  If  the  tent'^tlvc  structure  described  above  is 
Indeed  correct,  then  the  length  of  the  molecule  In  the 

o 

crystal  is  only  5,74  A,  Thus  It  anpears  that  the  predicted 
shorten'’ nr  duo  to  strong  b-’ndlnr  between  adiacent  molecules 
Is  realized  ’ ri  the;  crvstal. 

Further  work  is  bclnr  directed  tov/ard  working  out  the 
precise  positions  of  the  atoms  alonr  th-..  c axis. 
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